The purpose of the paper is to evaluate the quality and hydrological utility of four popular satellite precipitation products, including the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) product (3B42V7), near real-time product (3B42RT), and the Climate Prediction Center (CPC) MORPHing technique (CMORPH) satellite-gauge merged product (CMORPH BLD) and bias-corrected product (CMORPH CRT) over Fujiang River basin, China. First, we provided a statistical assessment of the four precipitation products at multiple spatiotemporal scales. The results show that: (1) all the products except 3B42RT capture the spatial pattern of annual precipitation fairly well; (2) in general, CMORPH BLD benefits from the application of the probability density function-optimal interpolation (PDF-OI) gauge adjustment algorithm and performs best among all the products with Pearson correlation coefficients (CC) of 0.84 and 0.94, equitable threat score (ETS) of 0.56 and 0.63 in grid and basin scales, respectively, followed by 3B42V7 and CMORPH CRT; whereas 3B42RT performs worst across all the metrics; (3) according to the occurrence frequencies of rainfall, satellite estimates mainly fall into the bin of 0-1 mm/day and tend to underestimate light precipitation. In addition, the performance of all the products in warm season is much better than in cold season in both grid and basin scales. Subsequently, a physically based distributed model is established to further evaluate the hydrological utility of different precipitation products. The results reveal that: (1) the errors in precipitation products mainly propagate into hydrological simulations, resulting in the best hydrological performance in CMORPH BLD in both daily and monthly scales after recalibrating the model, while 3B42RT shows limited skills in reproducing the daily observed hydrograph; (2) after recalibrating the model with the respective satellite data, significant improvements are observed for all the products; (3) CMORPH BLD no longer shows its superiority during near-real-time monitoring of floods. There is still a great challenge for the application of current satellite-based estimates into local flood monitoring. This study could be used as guidance for choosing alternative satellite precipitation products for hydrological applications in a local community, particularly in basins in which rainfall gauges are scarce.
Introduction
Precipitation is the key forcing variable in atmospheric, hydrological and energy cycles at local, regional and global scales, which is of great importance to agricultural irrigation, water resources management and disaster monitoring linked to floods, droughts, and landslides [1] [2] [3] . It is thus crucial to acquire accurate and reliable precipitation at high spatial and temporal resolutions. Generally, satellite precipitation products provide increasing potential to monitor and predict extreme floods under a variety of circumstances [29] . Therefore, it is necessary to conduct hydrological evaluation work emphasizing the application purpose to enhance disaster predictability using diverse satellite precipitation products. With a hydrological application-oriented view, Li et al. [18] evaluated the hydrologic applications of CMORPH and TMPA and found that 3B42V7 has a better performance in annual water budgeting and monthly streamflow simulation. The adequacy of 3B42RT and 3B42V7 in driving the SWAT model was evaluated by Li et al. [30] and it was reported that 3B42RT allowed considerable room for improvement in hydrological application.
Precipitation is a function of local climate and topography, so the performance of satellite precipitation products could vary from region to region [31] . Despite the continuing efforts to improve the evaluation of satellite precipitation products, the performance of satellite precipitation products has not been evaluated thoroughly, especially their hydrologic applicability in local community [32] . It was suggested by Guo et al. [8] that more studies on quantitatively evaluating the performance of satellite products over mountainous regions need to be conducted in future work. In addition, basin scale plays an important role in the performance of streamflow simulation. It was reported by Gao et al. [33] that hydrological modeling performance will be better with larger watershed size in the Jialing River basin. As part of a large basin, a small basin is more susceptible to local climate regimes and land surface conditions, and affects the hydrological processes of large-scale basin to some extent. However, modeling-based investigations are mainly concentrated in medium-and large-sized watersheds at present [17, 34] , while only a few studies have been carried on small basins [35, 36] . As a tributary of the Yangtze River, Fujiang River basin is highlighted because of its geographical position as a relatively small but flood-prone zone with complex terrain and drainage area less than 25,000 km 2 , which deserves more attention. In 2018, rainfall-triggered severe floods (with its largest discharge of 21,400 m 3 /s) occurred in the Fujiang River basin and resulted in a loss of~1.8 billion USD (http://www.mca.gov.cn/), posing great threat to human property and national safety. It is therefore urgent to conduct hydrological applications in this specific basin, to bridge the gap between the remote-sensing technologies community and the hydrologic prediction community [5] .
This study is the first to evaluate the four commonly used precipitation products from statistical and hydrological perspectives in Fujiang River basin with sparsely-distributed rainfall gauges. The rest of this paper is organized as follows. Section 2 introduces the materials and methods, including a brief introduction of study area, datasets, a set of diagnostic statistics and the Coupled Routing and Excess Storage (CREST) distributed model. Section 3 discusses the results of the study, followed by Section 4 with discussion. Section 5 includes the conclusions.
Materials and Methods

Study Area
The Fujiang River basin, with a drainage area of 24,752 km 2 above the Shehong hydrological station, is the largest tributary of the right bank of the Jialing River that is the largest branch of the Yangtze River. It is located within 30 • 50 N-33 • 24 N and 103 • 45 E-105 • 38 E in southeast China ( Figure 1 ). Surrounded by high mountains in the upstream and dominated by low hills in the middle part, the topography of Fujiang River basin is complex, with elevations ranging from 300 to 5000 m. Soils in the basin are mainly composed by purple soil (30%), yellow-brown soil (30%) and paddy (14%) according to the China soil classification system [37] .
The basin has a subtropical humid monsoon climate with average annual precipitation of~1200 mm, 60-85% of which falls into the warm season (June-September). Fujiang River basin is one of the most populous parts of Sichuan province and a significant crop-producing region of grain and wheat [38] . Meanwhile, the combination of extreme precipitation and sloping topography make it a typical flood-prone region. Rainfall-triggered floods have caused tremendous losses on the economy and society. These are the Remote Sens. 2018, 10, 1898 4 of 23 reasons for additional investigation, especially in a region with few rain gauges. Therefore, it is meaningful to conduct a study to evaluate different satellite precipitation products in this basin comprehensively.
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Datasets
Ground Gauge Data
The China Gauge-based Daily Precipitation Analysis (CGDPA) [39] is a new precipitation analysis over mainland China, which was developed by the National Meteorological Information Center (http://cdc.nmic.cn). CGDPA was produced based on about 2400 national rain gauges from 1955 to the present and is updated in real time at 0.25° × 0.25° resolution. A modified interpolation method of climatology-based optimal interpolation (OI) with topographic corrections was used to reduce errors caused by the spatial discontinuity of rainfall [39, 40] . In retrospective studies, CGDPA has been proven to be of high quality in both statistical and hydrological assessments over mainland China [4, 33] . Therefore, it is reasonable to use CGDPA as the benchmark over the study area. The national rain gauges used in CGDPA in the study are shown in Figure 1 . There are 9 grid boxes at 0.25° × 0.25° with at least one rain gauge over Fujiang River basin. Table 1 briefly lists the summary information of CGDPA and the four satellite precipitation products. Daily discharge data (in m 3 /s) from 2006 to 2013 were collected from the basin outlet of Shehong station for evaluating hydrologic modeling performance. 
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Satellite Precipitation and Evapotranspiration Data
The satellite precipitation products to be evaluated in the study include four popular high-resolution multi-sensor blended precipitation products: TRMM 3B42 V7, TRMM 3B42 RT, CMORPH BLD and CMORPH CRT (Table 1) . To make it comparable, the four satellite products were aggregated into the uniform 0.25 • × 0.25 • spatial grid and daily resolution.
TRMM is a joint mission of National Aeronautics and Space Administration (NASA) and Japan Aerospace Exploration Agency (JAXA), with its core observatory launched in 1997. In this study, two latest Version-7 products of the TMPA were used, namely post-real-time 3B42V7 covering between 60 • N to 60 • S and near-real-time 3B42RT covering between 50 • N to 50 • S, hereafter 3B42V7 and 3B42RT, respectively. The original data provides 0.25 • × 0.25 • and 3-hourly resolution and was obtained from NASA archive (https://pmm.nasa.gov/data-access/downloads/trmm). Both 3B42V7 and 3B42RT products are generated by combining information from passive microwave sensors, active microwave sensors and infrared sensors. Compared with 3B42RT, 3B42V7 incorporating Global Precipitation Climatology Center (GPCC) monthly precipitation gauge analysis through inverse-error-variance weighting was designed to remove the bias [10] . There are 194 Global Telecommunications System (GTS) rain gauge observations from the GPCC products in China [41] .
CMORPH produces global precipitation analyses at very high spatial and temporal resolution based on microwave and infrared precipitation estimates [13] . Compared with TRMM, CMORPH uses a different technique named the Lagrangian interpolation method to combine PMW and IR estimates, where PMW measurements are propagated by IR-derived motion vectors [5, 42] . This strategy fully takes advantage of the high accuracy of the microwave data and the high temporal resolution of the infrared data. The latest CMORPH V1.0 product contains CMORPH RAW, CMORPH CRT and CMORPH BLD (ftp://ftp.cpc.ncep.noaa.gov/precip/CMORPH_V1.0/). CMORPH RAW V1.0 has been reprocessed for the period of 1998-present using the same algorithm as old operational CMORPH products (Version 0.x). To generate CMORPH CRT, probability density function (PDF) matching against CPC unified daily gauge analysis was used to reduce bias over land [41] . The original CMORPH CRT covers between 60 • N to 60 • S, with 0.25 • × 0.25 • spatial and 3-hourly temporal resolution. As a successor of CMORPH CRT, CMORPH BLD not only adopt the same PDF strategy as CMORPH CRT, but also apply the OI to merge CMORPH CRT with CPC unified daily gauges to further reduce bias (PDF-OI strategy) [43] . CMORPH BLD is available on global coverage with of daily and 0.25
Potential evapotranspiration (PET) data used in this study were achieved from the global daily database, provided by the Famine Early Warning Systems Network (https://earlywarning.usgs.gov/ fews/search/Global) at 1 • spatial resolution. The PET was extracted from the Global Data Assimilation System (GDAS) analysis fields using the Penman-Monteith equation with global coverage [44] .
Geographical Data
Geographical data used in the study includes the digital elevation model (DEM), the land use and the soil data. The DEM data was obtained from hydrological data and maps based on Shuttle Elevation Derivatives at multiple Scales (HydroSHEDS) (https://hydrosheds.cr.usgs.gov/), with 30 arc-second spatial resolution. Other basic data including flow direction, flow accumulation, stream and slope were extracted from DEM. All of them were used as the key data enabling the implementation of the CREST model. The land use data was obtained from Data Center for Resources and Environmental Sciences (RESDC), Chinese Academy of Sciences (http://www.resdc.cn) with 6 categories and 25 sub-categories. Soil parameters were provided by the Food and Agriculture Organization of the United Nations (FAO; http://www.fao.org/AG/agl/agll/dsmw.htm), both of land use data and soil parameters were used to generate a prior parameter of CREST model [45] .
Methodologies
Statistical Metrics
Nine widely used statistical metrics were selected to quantitatively evaluate the performance of multi-satellite precipitation products against gauge observations as well as streamflow simulations ( Table 2 ). The metrics could be generally divided into three categories [35, 46] . The first category contains the Pearson correlation coefficient (CC), representing the agreements between the "test" field and the reference field. The second category includes the relative bias (BIAS), the mean error (ME) and the root mean square error (RMSE). BIAS denotes the error characteristics of satellite products, while RMSE evaluates the average error magnitude and ME was selected to measure average difference between the two fields. Table 2 . List of the statistical metrics used in the comparison and evaluation.
Statistic Metrics Equation Perfect Value
Nash-Sutcliffe coefficient efficiency Notation: N, number of samples; f n , a "test" field f representing satellite precipitation estimate or simulated streamflow; r n , a reference field r corresponding gauge observed precipitation or gauged observed streamflow; f , the average of all the satellite precipitation estimates or simulated streamflow values, which is also fit for the observed precipitation or streamflow with the f replaced by r.
The final category includes probability of detection (POD), false alarm ratio (FAR), equitable threat score (ETS), and frequency bias (FB), which are calculated from the 2 × 2 contingency table (Table 3) for different thresholds. POD gives the fraction of occurred events that were correctly detected. FAR gives the fraction of the detected events for which the event had not occurred. The ETS can provide more comprehensive judgment of satellite products, and is, therefore, a more equitable score. FB is expressed as a ratio of total number of detected events to the total number of occurred events. Additionally, the most commonly used statistical criteria, the Nash-Sutcliffe Coefficient of Efficiency (NSCE), were utilized to evaluate the goodness of fit between simulated streamflow and gauged streamflow. 
Hydrological Model and Calibration Method
The CREST model [45, 47] is a raster-based distributed hydrological model developed by the NASA SERVIR Project Team (www.servir.net) and the University of Oklahoma (http://hydro.ou.edu). It aims to provide regional and global hydrological prediction on regular grid cells of arbitrary user-defined resolution, which enables regional and global applications [48] . The CREST model has already been widely implemented in multiscale hydrological studies [17, 33, 47] . The version of CREST v2.1 with a upgrade using a fully distributed linear reservoir routing scheme (FDLRR) [49] is employed to evaluate the hydrologic availability of four satellite precipitation products.
The input of CREST model includes 7 physical parameters and 5 conceptual parameters [45] . The above parameters were calibrated by an auto-calibration method based on the shuffled complex evolution optimization algorithm (SCE-UA) [50] . The SCE scheme has been successfully applied in the field of hydrological model calibration and has proven to be robust and efficient for global optimization [51] .
Results
Statistical Evaluation and Comparison of Precipitation
To investigate the continuity and difference between the different satellite precipitation estimates, the four products were evaluated and compared at grid and basin scales with CGDPA. One thing to be noted is that the rainfall gauges used for the generation of CGDPA are independent of those used for the generation of TRMM and CMORPH (Table 1) , and thus the reliability of the evaluation results is guaranteed. Another thing to be noted is that in the grid-scale comparison, only grid boxes with at least one gauge (9 grids) were selected to calculate the metrics in order to avoid additional error by interpolating the gauge data and ensure the reliability of the results [19, 31, 52] . However, every grid box over the study area was assigned a calculated metric value to enable the visualization of distribution (Figures 2 and 3 ). Figure 3 presents the spatial distribution of metrics between the four satellite precipitation products and CGDPA. Overall, CMORPH BLD shows the best performance over the entire basin with the highest CC and lowest RMSE, followed by 3B42V7 and CMORPH CRT while 3B42RT displays the lowest quality. The distribution of CC shows an overall increasing trend from northwest to southeast. In terms of BIAS, all products underestimated precipitation in the middle hilly area and In Fujiang River basin, the rainfall mainly concentrates in the warm season (June-September) while the rainfall falling into the cold season (December-March) accounts for less than 20%. Therefore, it is of great significance to conduct comparisons in both warm and cold seasons. Figure 5 shows box plots of grid-scale statistics in both cold and warm seasons for different precipitation products. During the cold season (red box), all the metrics (except the metrics of CMORPH BLD) were unsatisfactory, indicating that the satellite precipitation products are less capable of depicting slight precipitation in winter. The performance of TMPA series estimators 3B42V7 and 3B42RT were comparable, while CMORPH BLD most resampled the gauged observations with its performance far more than other products (mean POD of 0.68, ETS of 0.49 and FAR of 0.30). In contrast, CMORPH CRT showed little ability to capture slight precipitation in winter with low ETS and extremely high FAR ( Figure 5 ). It was demonstrated that the OI procedure applied in CMORPH BLD greatly In general, all the products (except 3B42RT) captured the spatial distribution and magnitude of mean annual precipitation compared to the gauged precipitation, exhibiting the similar precipitation pattern with the precipitation increasing from northwest to southeast. Note that there is an obvious enhancement of CGDPA (greater than 1400 mm) in the middle hilly area, which could be attributed to the orographic enhancement effect of the hills [32] . Figure 3 presents the spatial distribution of metrics between the four satellite precipitation products and CGDPA. Overall, CMORPH BLD shows the best performance over the entire basin with the highest CC and lowest RMSE, followed by 3B42V7 and CMORPH CRT while 3B42RT displays the lowest quality. The distribution of CC shows an overall increasing trend from northwest to southeast. In terms of BIAS, all products underestimated precipitation in the middle hilly area and overestimated precipitation in the northwest mountainous area, especially in TRMM 3B42RT, which exhibits the severest overestimation. Apart from RMSE, all the metrics showed similar spatial characteristics to those of mean annual precipitation (Figure 2 ). It was demonstrated that the southeast areas with relatively greater precipitation and flatter topography were beneficial to precipitation detection. Figure 4 shows box plots of grid-scale statistics for different precipitation products at daily timescale. As shown in Figure 4 , CMORPH BLD performed best among the different products with CC ranging from 0.66 to 0.94, RMSE ranging from 2.84 mm/day to 6.90 mm/day and ETS ranging from 0.41 to 0.70, although it had greater dispersion in terms of POD and ETS compared with other products. Apart from the remarkable overestimation of 3B42RT with average BIAS of 19.11%, the average BIAS values of the other products were within ±10%, which coincides with the results of previous studies [35, 36] .
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Basin-Scale Evaluation
and moderate to heavy precipitation (>10 mm/day) except 3B42RT, but overestimate daily precipitation at the rates from 1 to 10 mm/day. CMORPH BLD showed good agreement with the reference data in slight and moderate precipitation (0-20 mm/day). Apart from 3B42RT, the other three products tended to underestimate heavy and torrential rain events (>20 mm/day). In conclusion, both 3B42V7 and CMORPH BLD reproduced the frequency distribution of various precipitation intensities fairly well, especially for light precipitation, while 3B42RT deviated most significantly from the observed frequencies. Figure 7 shows density-plot scatter diagrams of different precipitation products based on mean areal precipitation. All the products displayed the precipitation mostly within 5 mm, indicating the study area was dominated by light precipitation, and this is also depicted in Figure 6 . Generally, CMORPH BLD showed the best agreement with the reference data with CC up to 0.94 and RMSE of 2.06 mm/day and outperformed other products (Figure 7c) . Furthermore, CMORPH BLD also performed well with POD of 0.91, FAR of 0.15 and ETS of 0.63, demonstrating that CMORPH BLD can predict most of the precipitation events over the region. Similar to grid-scale comparison, 3B42RT performed a significant overestimation with BIAS of 17.20% while other products underestimated precipitation. Notably, the low BIAS (−3.14% and −5.67%) and ME (−0.8 mm/day and −1.4 mm/day) for 3B42V7 and CMORPH CRT were probably due to the offset between the positive and negative values over the entire basin. Figure 8 presents the results of four metrics (POD, FAR, ETS and FB) at different precipitation thresholds. The results shows that the overall accuracy of all the products declined (POD and ETS were reduced and FAR was increased) with increasing rainfall rate, which indicated the limited capability of satellite sensors for depicting intense precipitation [54] . In contrast, according to FAR, CMORPH BLD performed best with a more stable discrimination skill across all the thresholds. Moreover, CMORPH BLD was superior to other products with the highest ETS and POD for rainfall rates of 1 mm/day, 5 mm/day and 50 mm/day. The performance of TMPA products was comparable, while CMORPH CRT performed worst based on most metrics, particularly in FB. The underestimation in CMORPH products for medium and heavy rainfall could be attributed to the limited GTS reports used in error correction (Figure 8d ). Figure 9 summarizes the metrics of POD, FAR, ETS and FB of the four satellite-based products on a monthly scale to further analyze the performance of seasonal variations. As shown in Figure 9 , all the products exhibited notable seasonal variations, i.e., the skill of all the products was relatively higher in the warm season than in the cold season with higher POD and ETS and lower FAR, which accords with the conclusions showed in grid-scale comparison ( Figure 5 ). (Figure 7c) . Furthermore, CMORPH BLD also performed well with POD of 0.91, FAR of 0.15 and ETS of 0.63, demonstrating that CMORPH BLD can predict most of the precipitation events over the region. Similar to grid-scale comparison, 3B42RT performed a significant overestimation with BIAS of 17.20% while other products underestimated precipitation. Notably, the low BIAS (−3.14% and −5.67%) and ME (−0.8 mm/day and −1.4 mm/day) for 3B42V7 and CMORPH CRT were probably due to the offset between the positive and negative values over the entire basin. Figure 8 presents the results of four metrics (POD, FAR, ETS and FB) at different precipitation thresholds. The results shows that the overall accuracy of all the products declined (POD and ETS were reduced and FAR was increased) with increasing rainfall rate, which indicated the limited capability of satellite sensors for depicting intense precipitation [54] . In contrast, according to FAR, CMORPH BLD performed best with a more stable discrimination skill across all the thresholds. Moreover, CMORPH BLD was superior to other products with the highest ETS and POD for rainfall rates of 1 mm/day, 5 mm/day and 50 mm/day. The performance of TMPA products was comparable, while CMORPH CRT performed worst based on most metrics, particularly in FB. The underestimation in CMORPH products for medium and heavy rainfall could be attributed to the limited GTS reports used in error correction (Figure 8d ). Figure 9 , all the products exhibited notable seasonal variations, i.e., the skill of all the products was relatively higher in the warm season than in the cold season with higher POD and ETS and lower FAR, which accords with the conclusions showed in grid-scale comparison ( Figure 5 ). Figure 9 , all the products exhibited notable seasonal variations, i.e., the skill of all the products was relatively higher in the warm season than in the cold season with higher POD and ETS and lower FAR, which accords with the conclusions showed in grid-scale comparison ( Figure 5 ). Generally, CMORPH BLD was more suitable for characterizing the seasonal variation of precipitation, with its performance far more than other products in winter. In contrast, CMORPH CRT performs worst in winter with almost no detection skills (POD = 0, FAR = 1, ETS < 0 in January), suggesting the advance of OI algorithm applied in CMORPH BLD. In terms of FB, all the products tended to overestimate precipitation that spreads over two peaks in spring and autumn, but underestimated precipitation in winter.
mm/day and outperformed other products
Hydrological Evaluation and Comparison with Two Simulation Scenarios
Using the SCE-UA calibration scheme, two different parameter setup scenarios were designed to evaluate the streamflow simulation skills of four satellite precipitation products.
1.
Static parameters (Scenario I): the model parameters were first calibrated using gauged data (CGDPA) from January 2006 through December 2009. Then the model was driven by the four satellite precipitation products as forcing inputs for the independent validation period from January 2010 through December 2013 using the rain gauge-calibrated model parameters.
2.
Dynamic parameters (Scenario II): these parameters were recalibrated with individual satellite products as the forcing inputs over the same calibration period; then we use the product-specific parameter sets to simulate streamflow during the same validation period.
Scenario I is widely used in the regions with dense gauge network, while Scenario II is regarded as an alternative strategy over regions with few or no gauges where remotely sensed data are available for use [4, 36] (Table 4) . Figures 10 and 11 shows that general agreement existed between gauged and simulated discharge in the calibration period, followed by favorable hydrological performance with high NSCE (0.77 and 0.96), low BIAS (−11% and −9.6%) and high CC (0.88 and 0.99) on daily and monthly time scales, respectively (Tables 4 and 5 ). It was also observed that reasonable simulations occurred in the validation period, despite yielding an underestimation at some high flood peaks. The results indicated that it is viable to use CGDPA as a benchmark for evaluating the utility of the satellite products [33] . However, there is a slight decline of all the metrics in the validation period. This phenomenon could be associated with the increased human activities in the catchment in recent years [47] . As summarized in Table 4 , in the validation period, the performance of 3B42V7, CMORPH BLD and CMORPH CRT are similar with the same NSCE of 0.53 on the daily scale. But on the smoothed monthly scale (Table 5) (Figures 4 and 7) , the The gauge-benchmarked model was subsequently driven by the four different satellite precipitation forcings, respectively. In the validation period, all the products except 3B42RT performed acceptable skill in hydrological simulations, with the NSCE greater than 0.53, BIAS constrained within −25.9% to −41.8% and high CC. Notably, the 3B42RT product almost had no hydrological prediction ability with the smallest NSCE and CC. Based on Figures 10 and 11 , there was a coexistence of overestimation and underestimation existing in 3B42RT simulation, which is to largely account for a small BIAS for 3B42RT. The 3B42V7 product matched relatively well with the observed discharge, especially for the moderate and high peak flows, but tended to misrepresent some minor peak flows. Figures 10 and 11 also show that both in calibration and validation periods, CMORPH-driven model captured a majority of peak flows, but underestimated peak flows with magnitudes greater than 2000 m 3 /s and 500 m 3 /s on daily and monthly time scales, respectively.
As summarized in Table 4 , in the validation period, the performance of 3B42V7, CMORPH BLD and CMORPH CRT are similar with the same NSCE of 0.53 on the daily scale. But on the smoothed monthly scale (Table 5) , the performance of CMORPH products generally degraded compared with 3B42V7 (i.e., 3B42V7/CMORPH BLD/CMORPH CRT: NSCE = 0.72/0.64/0.58, CC = 0.90/0.92/0.86, BIAS = −25.9%/−40.0%/−35.5%). In addition, similar to precipitation error estimates (Figures 4 and 7) , the simulation of 3B42RT yielded an overestimation with the positive BIAS, whereas the simulation of other three products showed an underestimation with the negative BIAS. The negative BIAS may be due to the underestimation of precipitation by the retrieval algorithms of satellite products. Moreover, all the simulated hydrographs generally reproduced the respective precipitation pattern (Figures 10  and 11) . The results indicated that the errors of precipitation estimates can propagate into hydrologic predictions through hydrologic modeling.
Scenario II: Dynamic Parameters
In Scenario II, the four different satellite products were separately used to recalibrate the CREST model and were validated for the same period as Scenario I, to further assess the effectiveness of satellite products on streamflow simulation. As summarized in Tables 4 and 5 , the performance of all the simulations has been improved for Scenario II relative to Scenario I with improved NSCE and CC and reduced BIAS. This phenomenon could be due to the parameter compensation effect, i.e., after the parameter recalibration, the parameter sets were closer to the truth, consequently improved their hydrological performance [36] . Compared with Scenario I, CMORPH BLD estimates provided encouraging results with maximum improvement, even exceeded 3B42V7 (e.g., in calibration period and on daily time scale, CMORPH BLD/3B42V7: NSCE = 0.73/0.63, CC = 0.86/0.80 and BIAS = −14.7%/−16%) both on daily and monthly time scales. The results indicated that the effect of the recalibrated parameter sets was to largely compensate for rainfall underestimation in CMORPH BLD and enhanced its hydrological performance. Similar to Scenario I, 3B42RT estimates showed the worst results in both calibration and validation periods through larger error propagations.
Overall, all the products perform promising hydrological performance in Scenario II, but still showing a difference: CMORPH BLD came close secondarily to the reference CGDPA and outperformed the post real-time 3B42V7 product, followed by CMORPH CRT product, while the near-real-time 3B42RT product ranked the lowest. The experiments also confirmed that satellite precipitation products played a critical role in hydrological simulation in terms of parameter compensation effect for the Fujiang River basin, which lacks rain gauges.
Extreme Flood Events Modelling
To further examine the capability of satellite precipitation products to predict extreme and rare events, Figure 12 shows the observed and simulated extreme flood events under two scenarios. In July 2013, torrential rain occurred in the Fujiang River basin, thus leading to a severe flood according to the Ministry of Civil Affairs of China (http://www.mca.gov.cn/). The flood event sustained up to one month with three major floods which happened continuously in early, middle and late July. The floods occurring in early July (1 July to 7 July) and mid-July (10 July to 16 July) were the heaviest, whereas the late July flood (17 July to 31 July) was relatively flat. of recalibrating the hydrologic model by satellite products in extreme flood modelling, particularly for remote regions with poor rainfall gauges. For the 4-7 July flood period, all the satellite products forced simulation under two scenarios slightly delayed the flood peaks. This is mainly attributable to the inherent deficiencies of satellite precipitation products [18] . Despite missing the first flood event, 3B42V7-driven simulation in scenario II (solid lines) reasonably reproduced the magnitude and key pattern of the other two flood events. For the period of 10-16 July, 3B42V7 recalibrated simulations captured the flood event to some extent, whereas other simulations failed to detect the flood event, which can be inferred from the incorrect precipitation distribution of the torrential rainfall on 10-16 July, which has not been captured well by other satellite products ( Figure 6 ). There is a large drop of simulated discharge for the late July flood period (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . This may be caused by the emergency flood relief by local government [32] . 
Discussion
In the study, we aim to compare quantitatively and comprehensively the four standard Day-1 satellite products (TRMM 3B42V7, TRMM 3B42RT, CMORPH BLD and CMORPH CRT) during the period from 2006 to 2013 over a mountainous and small southeast China basin with few rainfall gauge observations. This study first focused on statistical evaluation and comparison of the four precipitation estimates; then, a multi-scale evaluation based on hydrological modeling was conducted. In statistical evaluation, all the products were evaluated against CGDPA at 0.25° × 0.25° resolution and various temporal (daily, monthly and annual) and spatial scales (grid and basin).
In general, apart from 3B42RT, other products captured the spatial pattern of annual precipitation over the Fujiang River basin fairly well: increasing from northwest to southeast. This may be attributed to two main reasons. First, the rainfall gauges using in CGDPA are unevenly distributed, which is sparse in the northwest area (Figure 1 ). This may lead to deviation from the interpolated precipitation to real values, thus reducing the reliability of metrics calculated against According to Figure 12 , CGDPA-forced simulations mostly reproduced the observed extreme flood events. Meanwhile, all the flood forecasts based on gauge-benchmarked simulations (dashed lines) resulted in significant and substantial underestimation of the observed flood magnitude. This suggests that the model simulations under Scenario I were unsuitable to forecast a flood event. In scenario II, the flood forecasts based on CMORPH BLD and 3B42V7 simulations (solid lines) matched some of the observed flood peaks, while CMORPH CRT and 3B42RT simulations (solid lines) still miss most flood peaks. This phenomenon has proved the incompetence of CMORPH CRT and 3B42RT-forced simulations to characterize extreme flood events. Then again, it reflects the necessity of recalibrating the hydrologic model by satellite products in extreme flood modelling, particularly for remote regions with poor rainfall gauges.
For the 4-7 July flood period, all the satellite products forced simulation under two scenarios slightly delayed the flood peaks. This is mainly attributable to the inherent deficiencies of satellite precipitation products [18] . Despite missing the first flood event, 3B42V7-driven simulation in scenario II (solid lines) reasonably reproduced the magnitude and key pattern of the other two flood events. For the period of 10-16 July, 3B42V7 recalibrated simulations captured the flood event to some extent, whereas other simulations failed to detect the flood event, which can be inferred from the incorrect precipitation distribution of the torrential rainfall on 10-16 July, which has not been captured well by other satellite products ( Figure 6 ). There is a large drop of simulated discharge for the late July flood period (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . This may be caused by the emergency flood relief by local government [32] .
In the study, we aim to compare quantitatively and comprehensively the four standard Day-1 satellite products (TRMM 3B42V7, TRMM 3B42RT, CMORPH BLD and CMORPH CRT) during the period from 2006 to 2013 over a mountainous and small southeast China basin with few rainfall gauge observations. This study first focused on statistical evaluation and comparison of the four precipitation estimates; then, a multi-scale evaluation based on hydrological modeling was conducted. In statistical evaluation, all the products were evaluated against CGDPA at 0.25 • × 0.25 • resolution and various temporal (daily, monthly and annual) and spatial scales (grid and basin).
In general, apart from 3B42RT, other products captured the spatial pattern of annual precipitation over the Fujiang River basin fairly well: increasing from northwest to southeast. This may be attributed to two main reasons. First, the rainfall gauges using in CGDPA are unevenly distributed, which is sparse in the northwest area (Figure 1 ). This may lead to deviation from the interpolated precipitation to real values, thus reducing the reliability of metrics calculated against such ground reference [46] . Second, the topography and climate over this region are complex, which pose a great challenge for accurate satellite precipitation estimation. In a grid-scale comparison, CMORPH BLD showed its superiority among the four products with CC ranging from 0.66 to 0.94 and ETS ranging from 0.41 to 0.70, while 3B42RT exhibited the worst performance. Lack of ground observations for error correction could be the main reason for the poor performance of 3B42RT. Apart from the obvious overestimation of 3B42RT, the average BIAS values of other products were within ±10%. We speculated this is mostly linked to overestimation by the PMW land algorithm of 3B42RT [55] . All the products showed much better performance in the warm season than in the cold season. This could be caused by the interference with microwave sensors from satellites due to land surface snow cover in winter [24] . CMORPH BLD showed stable performance with inconspicuous seasonal variations, whereas TMPA and CMORPH CRT were depicted by remarkable seasonal variations.
Regarding basin scale comparison, metrics are generally improved compared to the grid scale comparison, but this effect is less obvious as the comparison changes from the cold season to the warm season. In general, CMORPH BLD showed the best agreement with the reference data with CC of 0.94 and ETS of 0.63 and outperformed other products. Daily precipitation input is very important for hydrological applications. The frequency distribution showed that the satellite daily precipitation in Fujiang River basin mainly concentrated in the range of 0-1 mm/day and tended to underestimate light precipitation. It was also pointed out by Chen et al. [1] that satellite precipitation estimates tended to underestimate light rainfall. In addition, both 3B42V7 and CMORPH BLD reproduced the frequency distribution of different precipitation intensities reasonably.
When the daily precipitation thresholds increased, the performance of all the satellite products declined, indicating the insufficient capability of satellite products for detecting intense precipitation. The reason is that heavy precipitation makes radar signals attenuate, thus leading to inaccurate detection [1] . It was also reported by Shiva et al. [54] that satellite sensors are not sensitive to extreme precipitation, which constrains the ability of detecting precipitation. Metrics are improved as the temporal resolution increases from daily to monthly. For monthly comparison, all the products showed apparent seasonal variations, and this is also reported in Figure 5 . Generally, CMORPH BLD showed stable and the best performance throughout the year, while CMORPH CRT performs were worst, especially in winter, with almost no detection skills. It was demonstrated that CMORPH BLD can make up for the limitations of CMORPH CRT regarding detecting light rainfall in terms of the employment of OI procedure. Therefore, special caution should be taken when we apply CMORPH CRT into hydrological applications in winter.
For the hydrological evaluation, the four satellite products were applied to drive the CREST model against observed discharge to examine the hydrologic utilities of satellite precipitation products. We designed two scenarios of hydrologic parameter sets. Scenario I, benchmarked by in situ gauges, is conventionally used over gauged basins, while scenario II with input-specific recalibration, is deemed as an alternative over regions with sparse rainfall gauge network where only a remote-sensing platform is available for use.
For Scenario I, the CGDPA-driven model reproduced the observed streamflow fairly well, indicating that the CREST model was able to reproduce daily observed discharge in magnitude and time evolution reasonably and effectively. It is also found that the errors in precipitation products mainly propagated into hydrological simulations. In general, apart from 3B42RT, the hydrological performance of the other three satellite products is comparable in terms of the same NSCE of 0.53 on the daily scale, but 3B42V7 showed a superiority on the monthly scale. Fusion of the GPCC monthly gauge analysis into 3B42V7 may be the main reason for the superiority of 3B42V7. In addition, 3B42RT simulation tended to overestimate streamflow, while other three products showed an underestimation of streamflow. The significant underestimation in CMORPH simulations (−30~−40%) may be attributed to the defective morphing processes in the CMORPH RAW data, which determines precipitation values as the weighted mean of passive microwave (PMW) estimates from multiple sensors, thus leading to the underestimation of heavy precipitation in CMORPH products (Figures 6  and 7 ) [16, 32] . Then, the errors were enlarged and propagated into hydrological simulations.
For Scenario II, significant improvements are observed for all the simulations both on daily and monthly time scales. It was demonstrated that the parameter compensation effect plays an important role in promoting hydrological performance. CMORPH BLD showed consistent satisfactory performance (NSCE = 0.59-0.85), whereas 3B42RT showed the worst results (NSCE = 0.37-0.65) through larger error propagations. In addition, CMORPH BLD can produce much better hydrologic predictions than 3B42V7 with the least reduced error propagation from input to discharge through parameter recalibration. The parameter compensation effect is often recognized over regions with few or no gauges and still used by the hydrology community. However, this strategy may be problematic because such a calibration scheme may destroy the inherent error structure of the forcing products, which may ultimately limit the model's predictive capability under different climate and initial conditions [36] .
For near real-time flood monitoring, all the flood forecasts based on gauge-benchmarked simulations failed to capture flood peaks. Despite capturing some of the observed flood peaks, CMORPH BLD no longer shows its superiority during near real-time monitoring of floods compared with accuracy assessment and hydrological application. It was demonstrated that the PDF-OI strategy used in CMORPH BLD did not guarantee a better result for extreme flood simulation. At this point, a denser gauge network is needed to calibrate satellite data to improve their performance for flood forecasting [32] . It should be alert to apply current satellite rainfall products into the monitoring and warning of local floods due to their inherent deficiencies.
There are also large uncertainties in observed discharge and basin conditions, which may affect the streamflow simulations. In fact, the discharge data of the Shehong station was inevitably affected by human activities, more or less. With the development of the economy, more and more facilities were built, like dams and reservoirs. Man-made interference of discharge will cause the observed discharge to deviate from the actual natural discharge. Furthermore, the consumption of water by humans can lead to much lower observed discharge than actual values.
Conclusions
Satellite precipitation products have broad application potential for global and regional hydrologic studies, particularly in areas with few gauge stations, in which case a rigorous product assessment is required before implementation. In this study, a comprehensive assessment of the four commonly used precipitation products (TRMM 3B42V7, TRMM 3B42RT, CMORPH BLD and CMORPH CRT) was carried out over the Fujiang River basin with a sparse gauge network. This study reveals that CMORPH BLD has an outstanding performance both in terms of accuracy and in its promising hydrological utilities due to the application of the probability density function-optimal interpolation (PDF-OI) gauge adjustment algorithm. The effect of the recalibrated parameter sets was to largely compensate for rainfall underestimation in CMORPH BLD. However, CMORPH BLD no longer shows its superiority during near real-time monitoring of floods. We believe the present study will promote better utilization of satellite precipitation products in small mountainous basins with a sparse gauge network. Future studies are advocated to explore the hydrologic utility of the latest IMERG in various hydrologic applications, especially in the basins that lack ground observations. Author Contributions: W.S. and J.M. analyzed the data, performed the experiments, and wrote the draft of the manuscript; W.L. gave comments and provided the data; G.Y. designed the framework of this study, gave comments, and significantly revised the manuscript. 
